The development of intratumoral hypoxia, a hallmark of rapidly progressing solid tumors, renders tumor cells resistant to chemotherapy and radiation therapy. We have recently shown that inhibition of aldose reductase (AR), an enzyme that catalyzes the reduction of lipid aldehydes and their glutathione conjugates, prevents human colon cancer cell growth in culture as well as in nude mouse xenografts by inhibiting the NF-B-dependent activation of oxidative stress-mediated inflammatory and carcinogenic markers. However, the role of AR in mediating hypoxic stress signals is not known. We therefore investigated the molecular mechanisms by which AR inhibition prevents the hypoxia-induced human colon cancer cells growth and invasion. Our results indicate that AR inhibition by the pharmacological inhibitor fidarestat or ablation by AR-specific siRNA prevents hypoxia-induced proliferation of HT29, SW480, and Caco-2 colon cancer cells. Furthermore, hypoxia-induced increase in the level of HIF-1␣ in colon cancer cells was significantly decreased by AR inhibition. During hypoxic conditions, treatment of HT29 cells with the AR inhibitor fidarestat significantly decreased the expression of vascular endothelial growth factor, a down target of HIF-1␣, at both mRNA and protein levels and also prevented the activation of PI3K/AKT, GSK3␤, Snail, and lysyl oxidase. Furthermore, inhibition of hypoxia-induced HIF-1␣ protein accumulation by AR inhibition was abolished in the presence of MG132, a potent inhibitor of the 26 S proteasome. In addition, AR inhibition also prevented the hypoxiainduced inflammatory molecules such as Cox-2 and PGE2 and expression of extracellular matrix proteins such as MMP2, vimentin, uPAR, and lysyl oxidase 2. In conclusion, our results indicate that AR mediates hypoxic signals, leading to tumor progression and invasion.
Hypoxia, a condition of low oxygen tension, is a characteristic feature of solid tumors (Ͼ1 cm 3 ) due to inadequate blood supply (1) . In cancer patients, the extent of tumor hypoxia directly correlates with metastasis, resistance to radiation, and chemotherapeutic drugs (2) . During hypoxia stress, tumor cells express transcriptional activator hypoxia-inducible factor-1 (HIF-1), 4 which plays an important role in promoting cancer angiogenesis and metastasis. During normoxia, oxygen-dependent degradation domain of HIF-1␣ interacts with the von Hippel-Lindau protein, a recognition component of an E3 ubiquitin-protein ligase complex, and causes ubiquitinylation and degradation of HIF-1␣ protein via the 26 S proteasome. Under hypoxic conditions, the blockade of prolyl hydroxylation, ubiquitinylation, and degradation leads to accumulation of HIF-1␣ protein in the cytoplasm and translocation to the nucleus, where it forms an active complex with HIF-1␤, an aryl hydrocarbon receptor nuclear translocator. This heterodimeric complex binds to consensus promoter region of target genes such as VEGF and activates their transcription (3, 4) .
Another hypoxia-mediated regulatory pathway reported to be critical for controlling invasion and metastasis of colon cancer cells is involvement of lysyl oxidase (LOX) proteins (5) . LOX proteins such as LOX2 and LOX3 interact with Snail to stabilize the protein in a manner that is dependent on two Snail lysine residues (5) . Snail acts as direct repressor of E-cadherin expression in epithelial cells and activator of transcription of genes associated with mesenchymal differentiation such as vimentin and fibronectin (6) . Phosphorylation of the Snail protein by GSK-3␤ leads to ubiquitination and proteasomal degradation by ␤-transducin repeat containing protein (6) . Furthermore, during growth factor-and/or hypoxia-induced conditions, PI3K/AKTmediated phosphorylation of GSK-3␤ renders activation of Snail protein and promotes angiogenesis and metastasis (7, 8) .
Various reports show that hypoxia causes stabilization of HIF-1 and increased transcription of various inflammatory growth factors, cytokines, and chemokines. The increased cytokines and growth factors generate reactive oxygen species via NADPH oxidase by an autocrine and paracrine fashion (9 -12) . Among them, VEGF plays an important role in many physiological and pathological processes, including tumor growth, proliferation, and angiogenesis (11, 12) . Indeed, numerous reports show that antioxidants, which are available in fruits, vegetables, and beverages derived from plants and in many dietary supplements or herbal remedies, could prevent hypoxiamediated tumor cell invasion migration and metastasis in cancer cells (11, (13) (14) (15) (16) (17) . Previous studies have shown that antioxidants such as quercetin inhibit HIF-1␣ protein accumulation in cytoplasm and translocation into the nucleus during hypoxic conditions via inhibiting the PI3K/AKT signaling pathway (11, 18 -20) . Therefore, use of antioxidants represents one of the most promising approaches to control tumor growth. Indeed, several antioxidants are under drug development program and clinical trials to identify novel anti-angiogneic and anti-cancer agents.
Our recent studies (21) (22) (23) (24) with human colon cancer Caco-2, HT29, SW480 cells, and vascular umbilical endothelial cells suggest that the polyol pathway enzyme aldose reductase (AR), a member of the aldo-keto reductase superfamily, is a regulator of activation of NF-B and expression of inflammatory cytokines, chemokines, and growth factors, which are induced by reactive oxygen species via the PI3K/AKT pathway. In addition to reducing aldo sugars, AR efficiently catalyzes the reduction of lipid aldehydes such as 4-hydroxy-trans-2-nonenal (HNE) and their glutathione conjugates such as glutathione-4-hydroxy-trans-2-nonenal (GS-HNE) to 1,4-dihydroxynonene (DHN) and GS-DHN, respectively with low (M) K m compared with glucose with K m in mM range. Furthermore, inhibition of AR prevents PKC, NF-B, and AP-1 activation and the increase in cell growth caused by HNE and GS-HNE but not by GS-DHN, suggesting that the already reduced form of glutathione lipid aldehyde, GS-DHN, is insensitive to AR inhibition and could be the main mediator of oxidative stress-induced NF-B activation (21, 23, 24) . Most remarkably, in the nude mouse xenograft model, we have shown that inhibition of AR by AR siRNA as well as by the AR inhibitor fidarestat completely prevented progression of tumor growth of human colon cancer cells (SW480 and HT29) implanted in nude mice subcutaneously (21) . Furthermore, recent results with azoxymethane model in male BALB/c mice showed that inhibition of AR by pharmacological inhibitor of AR as well as AR gene knockout in mice significantly prevented aberrant crypt foci formation and azoxymethane-induced expression of inflammatory markers, inducible nitric oxide synthase and cyclooxygenase-2 (Cox-2) and preneoplastic marker proteins, cyclin D1 and ␤-catenin and activation of NF-B in mouse colons (25) . However, the involvement of AR in the hypoxia-mediated carcinogenesis is unknown. Because the PI3K/AKT pathway plays a key role in the activation of HIF-1␣, which regulates tumor growth during hypoxic conditions, we hypothesized that inhibition of AR could inhibit HIF-1␣-mediated carcinogenesis.
In this study, we have shown for the first time that inhibition of AR effectively suppresses hypoxia-induced expression of HIF-1␣, VEGF, MMP2, MET, LOX2, vimentin, and E-cadherin and proliferation of human colon cancer cells. Our results also show that AR inhibition prevents hypoxia-induced and/or bFGF-or serum-induced invasion and migration of HT29 cells. The mechanisms by which AR inhibition prevents hypoxiainduced and/or bFGF-or serum-induced HIF-1␣ protein expression seemed to involve an increase in invasion of HT29 cells via the PI3K/AKT, GSK3␤, LOX, and Snail signaling pathways. These unique findings provided further understanding of the molecular mechanisms underlying the hypoxia and AR inhibition, which help to delineate further targets of therapeutic intervention and chemoprevention of human cancers. Measurement of Cytotoxicity-HT29, SW480, and Caco-2 cells were grown to confluence in McCoy's medium and DMEM, respectively, and trypsinized. Cells were plated in a 96-well plate at 2500 per well. Subconfluent cells were growtharrested in 0.1% FBS with or without the AR inhibitor fidarestat (5 M) or transfected with AR siRNA or control siRNA using RNAiFect reagent (Qiagen). After 24 h, cells were treated with bFGF (10 ng/ml) or serum (5%) and incubated at normoxia or hypoxia conditions for 24 h. Cells incubated with the AR inhibitor or transfection reagent alone served as control. Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay as described previously (21) .
EXPERIMENTAL PROCEDURES
Invasive Assay-An invasive assay was performed using basement membrane extract. Fifty microliters of basement membrane extract solution were added on top of 8-micron polyethylene terephthalate membrane to each well of 96-well plates and incubated at 37°C for 4 h to allow gel formation. Human colon cancer (20,000 cells/well) cells in basal medium with or without bFGF (10 ng/ml) or serum (5%) and/or AR inhibitor (fidarestat (5 M)) were plated on Matrigel and incubated under hypoxic conditions. After 24 h of incubation, the invasion of cells toward bottom side of the well was measured using calcein-AM fluorescent dye.
Western Blot Analysis-To examine the expression/phosphorylation of MT1-MMP, MMP2, MMP9, AKT, p65, and GAPDH proteins, Western blot analysis was carried out. Equal amounts of protein from cell lysates were subjected to 12% SDS-PAGE followed by transfer of proteins to nitrocellulose filters and probing with the indicated antibodies. The antigen-antibody complex was detected by enhanced chemiluminescence (Pierce). All blots were probed with either GAPDH or actin as a loading control, and densitometry analysis was performed using Kodak Image station 2000R (Eastman Kodak Co., Rochester, NY).
Determination of HIF-1␣ by ELISA-Total HIF-1␣ was determined by ELISA as recommended by manufacturer (R&D Systems, Minneapolis, MN). Briefly, growth-arrested HT29 cells were treated with hypoxia and/or bFGF (10 ng/ml) or serum in the presence and absence of fidarestat (5 M) for 24 h. The total HIF-1␣ protein in cell lysate was determined by sandwich ELISA method in 96-well plates, and the development of color against TMB was measured at 450 nm using ELISA reader.
Determination of PI3K Activity-PI3K activity in human umbilical vascular endothelial cells (HUVEC) was determined using a competitive ELISA kit (Echelon Biosciences, Inc., Salt Lake City, UT) as described previously (26) .
Reverse Transcription-PCR Analysis-Total RNA was isolated from cell lysates by using RNeasy mini isolation kit (Qiagen, Valencia, CA). Total RNA (1.0 g) sample was reverse-transcribed with Omniscript and Sensiscript reverse transcriptase one-step RT-PCR system with HotStarTaq DNA polymerase (Qiagen) at 55°C for 30 min followed by PCR amplification. The oligonucleotide primer sequences were as follows: 5Ј-TCACCACAGGACAGTACAGGATGC-3Ј (sense) and 5Ј-CCAGCAAAGTTAAAGCATCAGGTTCC-3Ј (antisense) for HIF-1␣, 5Ј-AGGAGGGCAGAATCATCACG-3Ј (sense) and 5Ј-CAAGGCCCACAGGGATTTTCT-3Ј (antisense) for VEGF, and 5Ј-GTTTGAGACCTTCAACACCCC-3Ј (sense) and 5Ј-GTGGCCATCTCCTGCTCGAAGTC-3Ј (antisense) for ␤-actin. PCR was carried out in a GeneAmp 2700 thermocycler (Applied Biosystems, Foster City, CA) under the following conditions: initial denaturation at 95°C for 15 min and 35 cycles of 94°C for 30 s, 62°C for 30 s, and 72°C for 1 min and then 72°C for 5 min for final extension. PCR products were electrophoresed in 2% agarose-1ϫ Tris-acetate-EDTA gels containing 0.5 g/ml ethidium bromide. Bands were quantified using Kodak Image Station 2000R.
Data Analysis-Data are presented as mean Ϯ S.E., and the p values were determined using the unpaired Student's t test, with significant differences determined as p Ͻ 0.05.
RESULTS

Inhibition of AR Prevents Hypoxia-induced Proliferation of
Human Colon Cancer Cells-At first, we examined the efficacy of AR inhibition in suppressing the growth promoting activity of hypoxia in three different human colon cancer cells lines, HT29, SW480, and Caco-2. The results shown in Fig. 1A demonstrate that during normoxic conditions, AR inhibition did not affect the growth, whereas exposure of HT29 or Caco-2 cells to hypoxic conditions for 24 h significantly increased the proliferation. Supplementation of bFGF or (5%) complete FBS to hypoxic cells further increased the proliferation of HT29 or Caco-2 compared with hypoxic cells alone. Treatment of HT29, SW480, or Caco-2 cells with AR inhibitor, fidarestat significantly prevented the hypoxia alone and hypoxiaϩbFGF or serum-induced cell growth. Furthermore, to rule out the nonspecific effects of pharmacological AR inhibitor, we also examined hypoxia-induced cell growth in the AR-ablated cancer cells by using AR-specific siRNA. Ablation of AR significantly prevented the hypoxia alone and hypoxiaϩbFGF-or seruminduced proliferation of HT29, Caco-2, and SW480 cells (Fig.  1B) . Transfection of colon cancer cells with AR-SiRNA decreased AR protein expression by Ͼ95% (Fig. 1B, insets) . These results suggest that AR mediates hypoxia-induced proliferation of human colon cancer cells.
Inhibition of AR Prevents Hypoxia-induced Stabilization of HIF-1␣ Protein in HT29
Cells-Because HIF-1␣ has been shown to be the main protein responsible for hypoxia-induced pathologies (9, 11), we next determined the effect of AR inhibition by fidarestat or ablation by AR siRNA on the stabilization of HIF-1␣ protein during hypoxia conditions at different time intervals. Immunoblot analysis showed that HIF-1␣ protein rapidly increased in a time-dependent manner when HT29 cells were exposed to hypoxic conditions ( Fig. 2A) . Similar results were observed with the SW480 cells (data not shown). Pretreatment of HT29 cells with AR inhibitor (fidarestat) significantly prevented the accumulation of HIF-1␣ protein, which suggests that AR could mediate HIF-1␣ stabilization during hypoxic conditions.
Inhibition of AR Prevents Hypoxia-induced HIF-1␣ Protein Accumulation by Promoting Protein Degradation in HT29 Cells-
Various studies demonstrate that hypoxia induces HIF-1␣ protein accumulation mainly by promoting its stability instead of increasing de novo synthesis (9 -11, 16) . To investigate how AR inhibition prevents HIF-1␣ protein accumulation/stabilization, we explored the effects of AR inhibitor on the stability of HIF-1␣ protein. HT29 cells at 70 -80% confluence were exposed to hypoxia for 6 h, followed by treatment with cycloheximide to block de novo protein synthesis, in the presence or absence of AR inhibitor for different time periods. Our results showed that in HT29 cells treated with fidarestat, the hypoxiainduced HIF-1␣ protein accumulation gradually decreased in 4 h, following exposure to cycloheximide, whereas without AR inhibition, the HIF-1␣ protein level remained stable under hypoxic conditions (Fig. 2B ). These findings suggest that AR inhibition exerts its inhibitory effect by promoting the degradation of hypoxia-induced HIF-1␣ protein. To further explore whether the degradation of hypoxia-induced HIF-1␣ protein promoted by AR inhibition is mediated by the proteasome degradation pathway, HT29 cells were treated with a potent and specific 26 S proteasome inhibitor, MG132, in the presence and absence of fidarestat. As shown in the Fig. 2B , treatment of HT29 cells under normoxic conditions with MG132 increased the total HIF-1␣ protein levels. However, the increased HIF-1␣ protein level induced by MG132 could not be attenuated by AR inhibition. As expected, under hypoxic conditions, MG132 treatment further increased total HIF-1␣ protein accumulation, whereas the inhibitory effects of AR inhibition on hypoxia-induced HIF-1␣ protein levels did not decrease in the presence of MG132 (Fig. 2B) . Taken together, these results suggest that AR inhibition promoted the degradation of hypoxia-induced HIF-1␣ protein possibly via the proteasome degradation pathway in HT29 cells.
Effect of AR Inhibition on Hypoxia-induced and/or Growth Factor-or Serum-induced Expression of HIF-1␣/␤ Proteins in HT29
Cells-Accumulating evidence suggests that some growth factors as well as serum could increase HIF-1␣ protein during hypoxia in various cancer cell lines (11) . To understand the role of AR in hypoxia-induced and/or bFGF-or seruminduced expression of HIF-1␣ protein, serum-starved (for 24 h) HT29 cells were exposed to hypoxia and/or bFGF or serum with and without the AR inhibitor fidarestat for another 24 h. As shown in the Fig. 2C , hypoxia and/or bFGF or serum induced the expression of HIF-1␣ protein and inhibition of AR by fidarestat robustly inhibited expression, as determined using immunoblot analysis. AR inhibition did not affect the constitutively expressed HIF-1␤ protein levels. Furthermore, these results were confirmed with ELISA in total cell lysates of HT29 cells exposed to hypoxia and/or bFGF or serum (Fig. 2C) , suggesting that inhibition of AR could prevent hypoxia-induced and/or bFGF-or serum-induced expression of HIF-1␣ protein in HT29 cells. Next, to determine whether the reduction of hypoxia-induced HIF-1␣ protein accumulation by AR inhibi- tion was the result of transcriptional inhibition, HIF-1␣ levels were determined by RT-PCR. As shown in Fig. 2D , no apparent changes in HIF-1␣ mRNA levels were observed in HT29 cells after exposure to hypoxia and/or FGF or 5% serum for 8 h. These results suggest that AR inhibition decreased the hypoxiainduced HIF-1␣ protein accumulation via a post-transcriptional mechanism.
Overexpression of HIF-1␣ Rescues AR Inhibition-To validate the causal relationship between AR and HIF-1␣, we next examined whether overexpression of HIF-1␣ rescues AR inhibition effect in colon cancer cells. Transient transfection of HT29 cells with the HIF-1␣ plasmid (GeneCopeia) increased HIF-1␣ levels by Ͼ8-fold as compared with control (Fig. 3A, inset) . The HIF-1␣-overexpressing cells were used to determine the efficacy of AR inhibitors in the prevention of hypoxia-induced cell proliferation. Our results shown in Fig. 3A indicate that under hypoxia, HT29 cells overexpressing HIF-1␣ in the absence and presence of FGF showed significantly increased cell proliferation as compared with control or FGF-treated cells alone, respectively. AR inhibitor prevented the proliferation of control and FGF-induced cells but not in HIF-1␣-overexpressing cells, indicating that HIF-1␣ overexpression rescues AR inhibition-initiated effects. We next examined the efficacy of AR inhibition in the prevention of hypoxia-induced cancer cell growth in HIF-1␣-ablated HT29 cells by using specific HIF-1␣ siRNA (Dharmacon). Transient transfection of HIF-1␣ in HT29 cells leads to a significant Ͼ90% decrease in the expression of HIF-1␣ as compared with scrambled siRNA-transfected cells (Fig. 3B, inset) . Our results shown in the Inhibition of AR Prevents Hypoxia-induced VEGF Expression and Secretion in HT29 Cells-The proangiogenic growth factor, VEGF is an immediate downstream target gene of HIF-1␣, which plays an important role in tumor angiogenesis, especially during intratumoral hypoxia (4, 9) . Because AR inhibition prevented the bFGF-induced increase of HIF-1␣ in HT29 cells, we hypothesized that AR inhibition would prevent VEGF expression. To determine whether AR inhibition can prevent hypoxia-induced VEGF expression in HT29 cells, VEGF protein expression and secretion levels were determined by Western blot and ELISA, respectively. Our results showed that treatment of HT29 cells with fidarestat resulted in a significant decrease in hypoxia-induced and/or bFGF-or serum-induced VEGF expression/secretion (Fig. 4, A and B) at 24 h. Similarly ablation of AR by using AR siRNA caused significant decrease in hypoxia-induced and/or bFGF-or serum-induced VEGF expression/secretion (Fig. 4, D and E) at 24 h. To further confirm the effects of AR inhibition on VEGF transcriptional activation, HT29 cells were exposed to hypoxia and/or bFGF or serum for 6 h, and the mRNA levels were determined by RT-PCR. As shown in the Fig. 4C treatment of HT29 cells with hypoxia and/or bFGF or serum strikingly increased (ϳ60%) the expression of VEGF mRNA, and AR inhibition prevented it. These results indicated that inhibition of AR prevented the hypoxia-induced and/or bFGF-or serum-induced VEGF protein accumulation through a translational and/or transcriptional mechanism.
Inhibition of AR Prevents Hypoxia-induced Cox-2 Expression and PGE2 Production in HT29 Cells-Because
Cox-2 is up-regulated during colorectal tumor progression and hypoxia, and also HIF-1␣ directly binds to Cox-2 promoter region, we next systematically investigated the effect of AR on hypoxia-mediated Cox-2 expression. As shown in Fig. 5A , treatment of HT29 cells with hypoxia and/or bFGF or serum caused a significant increase in the expression of HIF-1␣ protein, and inhibition of AR prevented it. To confirm the inducible Cox-2 expression during hypoxia, we next determined the Cox activity in total cell lysate of HT29 cells. Exposure of HT29 cells to hypoxia and/or bFGF or serum increased Cox activity (Fig. 5B) , and preincubation with fidarestat abolished hypoxia-induced and/or bFGF-or serum-induced Cox activity. Because PGE2 is a primary product of arachidonic metabolism and is synthesized via the COX and prostaglandin synthase pathways, we next examined whether the inhibition of AR prevents hypoxiainduced PGE2 production in both HT29 cells (Fig. 5C ). During normoxia, inhibition of AR did not affect the basal levels of PGE2 production, whereas inhibition of AR during hypoxia and/or bFGF or serum significantly prevented the production of PGE2. These results establish that AR could mediate the up-regulation of Cox-2 and PGE2 via HIF-1␣ regulation during hypoxia.
Inhibition of AR Prevents Hypoxia-induced Activation of PI3K/AKT in HT29 Cells-Various
studies indicate that multiple signaling pathways, particularly PI3K/AKT, are involved in hypoxia-induced HIF-1␣ protein accumulation and expression of its downstream target genes to drive invasion and migration of hypoxic tumor cells (11, 18) . Furthermore, we have shown that inhibition of AR prevents the growth factors such as EGF-and FGF-induced activation of PI3K and AKT in HT-29 cells. In this study, to investigate how AR inhibition could prevent hypoxia-mediated activation of PI3K/AKT, HT29 cells were treated with hypoxia and/or FGF or serum for 2 h in the presence and absence of the AR inhibitor fidarestat and determined PI3K/AKT activation. Our results showed that AR inhibition by fidarestat significantly attenuated the phosphorylated PI3K and AKT levels (Fig. 6A) . Furthermore, AR-mediated PI3K activation during hypoxia and/or bFGF or serum was confirmed by using a competitive ELISA. As shown in Fig. 6B , hypoxia and/or bFGF or serum treatment stimulated PI3K activity 2.0 -2.5-fold as compared with control, and inhibition of AR significantly (ϳ65%) prevented it. Taken together, these results suggest that AR inhibition prevents hypoxia-induced HIF-1␣ protein accumulation and VEGF expression through the inhibition of PI3K/AKT in HT29 cells.
AR Mediates Phosphorylation of GSK3␤ and Expression of Snail and LOX during hypoxia in HT29
Cells-Because GSK3␤ is a well characterized downstream substrate of AKT, and phosphorylation of GSK3␤ at Ser-9 by AKT results in the inhibition of GSK activity (7, 11) , we investigated the effect of AR inhibition on the phosphorylation of GSK3␤ during hypoxia. Hypoxia and/or bFGF or serum treatment resulted in an increase in the phosphorylation of GSK3␤ in HT29 cells, and AR inhibition prevented it (Fig. 6A) . Next, we investigated the levels of Snail phosphorylation because Snail is a downstream substrate of GSK3␤, and Snail phosphorylation by GSK3␤ undergoes proteasomal degradation (7, 8) . Our results showed that inhibition of AR increased hypoxia and/or bFGF or serum down-regulated phosphorylation of Snail (i.e. inactivation of Snail protein) (Fig. 6A) . Because Snail protein is regulated by LOX proteins during hypoxia, expression of LOX-2 protein was determined. Treatment of HT29 cells with hypoxia and/or bFGF or serum induced the expression of LOX-2 and AR inhibition prevented it. Taken together, these results strongly suggest that AR regulates the hypoxia-mediated signaling pathway via AKT/GSK3␤/LOX/Snail.
Inhibition of AR Prevents Hypoxia-induced Invasion and Expression of Structural Proteins in HT29
Cells-Because hypoxia, serum, and growth factors are known to have stimulatory effects on cancer cell invasion and migration (9, 27) , we performed in vitro cell migration assay to investigate whether AR inhibition could suppress the hypoxia-induced cancer cell invasion. Results shown in Fig. 6C indicate that invasion of HT29 cells was increased in the hypoxic conditions in absence and presence of FGF. No significant invasion of HT29 cells was observed in normoxic conditions. The hypoxia-induced and/or bFGF-or serum-induced invasion of HT29 cells was significantly decreased in the presence of the AR inhibitor fidarestat (5 M). To further understand how AR inhibition could prevent invasion/migration during hypoxia, we next determined the expression of important molecules such as uPAR, MT1-MMP, active-MMP2, c-MET, vimentin, E-cadherin, and etc. that play an important role in invasion and migration. As shown in Fig.  7A , inhibition of AR by fidarestat prevented the invasion of HT29 cells by inhibiting the expression of structural proteins.
Overexpression of uPAR Rescues AR Inhibition-Because uPAR plays a significant role in hypoxia-mediated migration, we next examined whether overexpression of uPAR rescues effects initiated by AR inhibition. Transient transfection of HT29 cells with uPAR plasmid (GeneCopeia) in HT-29 cells significantly increased the expression of uPAR by 6-fold (Fig.  7B, inset) . The uPAR-overexpressing cells were used to deter- mine the efficacy of AR inhibitors in the prevention of hypoxiainduced cell proliferation. Our results shown in Fig. 7B indicate that under hypoxia, HT29 cells overexpressing uPAR in the absence and presence of FGF showed significantly increased cell proliferation as compared with control or FGF-treated cells alone, respectively. The AR inhibitor prevented the proliferation of control and FGF-induced cells but not in uPAR-overexpressing cells, indicating that uPAR overexpression rescues AR inhibition-initiated effects.
Effect of AR Inhibition on Lipid Aldehyde-induced HIF-1␣ Expression during Hypoxia in HT29
Cells-We have shown previously that AR-catalyzed reaction products of GS-HNE could mediate mitogenicity in Caco-2 cells. Therefore, we examined whether GS conjugates of lipid aldehydes could be involved in hypoxia. Treatment of HT29 cells with HNE or cell-permeable esters of GS-HNE or GS-DHN resulted in an increased expression of HIF-1␣ (Fig. 7C) . Inhibition of AR by fidarestat significantly (ϳ80%) prevented the HNE-and GS-HNE-induced HIF-1␣ expression but had no effect on GS-DHN-induced expression of HIF-1␣. These results indicate that hypoxia-induced and/or bFGF-or serum-induced tumor cell survival/invasion in HT29 cells could be mediated by the reduced form of lipid aldehyde-glutathione conjugates catalyzed by AR.
DISCUSSION
Hypoxia is known to be a hallmark of invasive solid tumors and increased angiogenesis and is strongly associated with the progression of malignant phenotypes, poor prognosis, and resistance to anticancer drugs and radiation therapy (1, 2) . It has been shown that HIF-1 pathways are activated in many cancers and are amplified by a wide variety of oncogenic pathways and growth factors, cytokines, and chemokines (2, 9). Upregulated HIF-1␣ is involved in tumor cell progressive steps such as cell survival, invasion, proliferation, migration, and metastasis (1, 9) . Among the various growth factors secreted by tumor cells in response to hypoxia, VEGF and bFGF are known to play an important role in the up-regulation of HIF-1␣ expression mainly by enhancing HIF-1 translation as well as by inhibiting its degradation (9, 11) . The hypoxia-mediated HIF-1␣ protein accumulation occurs mainly by inhibiting its degradation through the ubiquitin proteasomal pathway (9, 11) . This leads to the establishment of an autocrine and paracrine loop between hypoxia and growth factors in tumors, thereby enhancing angiogenic capability, tumor growth, invasion, and metastases (2, 9). Because AR is involved in the oxidative stress-mediated inflammatory signaling induced by growth factors, cytokines, and chemokines in various pathological diseases such as congestive heart failure, cardiomyopathy, hypertension, atherosclerosis, wound healing, tissue remodeling, thrombosis, rheumatoid arthritis, diabetic retinopathy, and cancer (21-24, 28), we determined the possible role of AR in hypoxia. In addition, various reports show that AR is overexpressed during ischemia (29, 30) , but they did not show the molecular mechanism of AR involvement during hypoxia. The present study reveals that inhibition of AR directly inhibits hypoxia-mediated HIF-1␣ protein accumulation by inhibiting its degradation via the proteasomal pathway in both human colon cancer HT29 and Caco-2 cells. These findings provide the first evidence supporting the anti-hypoxic effects of AR inhibition in the setting of in vitro hypoxia, which mimics the in vivo intratumoral hypoxia.
HIF-1␣ protein levels are tightly regulated by oxygen tension via the ubiquitination and 26 S proteasomal degradation system (31) . During hypoxic conditions, the ubiquitination and degradation of HIF-1␣ protein is abolished. This led to stabilization and accumulation of HIF-1␣ protein (11). Wu et al. (16) showed that treatment of human colon cancer Lovo cells with antioxidant such as resveratrol prevented the hypoxia-induced HIF-1␣ protein expression and stabilization. In this direction, our results show that AR inhibition prevented the basal level of HIF-1␣ protein expression in HT29 cells and significantly shortened the half-life of hypoxia-induced HIF-1␣ protein (Fig.  2) . Furthermore, we have showed that the inhibition of hypoxia-induced HIF-1␣ protein accumulation by AR inhibition was abolished in the presence of MG132, a potent inhibitor of the 26 S proteasome. This supports our hypothesis that AR inhibition prevents HIF-1␣ protein expression via regulating both protein translation and HIF-1␣ protein degradation.
Various growth factors, cytokines, chemokines, oncogenes, and tumor promoters up-regulate oxidative stress-mediated inflammation via Cox-2 expression by activating transcription factors such as NF-IL6, NF-B, nuclear factor of activated T-cells, and PEA3 (23, (32) (33) (34) . We have shown previously that inhibition of AR prevents growth factors such as bFGF, plateletderived growth factor, and cytokine such as TNF-␣-induced Cox-2 expression as well as PGE2 production in colon cancer Caco-2 cells (23) . Furthermore, accumulating evidence suggests that up-regulation of Cox-2 is mandatory particularly in colon carcinogenesis and the subset of adenomas (35, 36) . Various reports show that Cox-2 up-regulation by hypoxia has been described to be mediated by NF-B and peroxisome proliferation-activated receptors, including HIF-1␣ (36, 37) . Our results show that AR inhibitors are anti-inflammatory, and AR inhibition could prevent hypoxia-mediated Cox-2 expression and PGE2 production via inhibiting HIF-1␣ expression and stabilization. Recently, Kaidi et al. (38) , using human colon cancer HT29 cells, showed that Cox-2 up-regulation is transcriptional and dependent on HIF-1␣ induction during hypoxia. Furthermore, they showed that inhibition of the Cox-2 enzyme by a non-steroidal anti-inflammatory drug such as NS-398 inhibited hypoxia-mediated PGE2 production.
It is well established that the progression of solid tumor completely depends on angiogenesis and VEGF, which is potently stimulated by major hypoxia-responsive transcription factor HIF-1␣ (4, 9, 11, 16) . This indicates that HIF-1␣/VEGF could be potential targets for the anti-angiogenic therapy of cancer. Accumulating evidences suggest that antioxidants such as reseveratrol, lycopene, and green tea have anti-angiogenic effect in several hypoxia-mediated tumor angiogenic models (11, 16) . The anti-angiogenic mechanism(s) of these antioxidants seems to be associated with inhibition of VEGF production and/or VEGF receptor activity. Treatment of human colon cancer SW837 cells with epigallocatechin gallate decreased VEGF production and HIF-1␣ expression induced by hypoxia (39) . Similarly, the results in accordance with AR showed that the AR inhibitor fidarestat prevented hyperglycemia-induced oxidative stress in retinal endothelial cells and the expression of VEGF in diabetic rats (40) . Furthermore, Tang et al. (41) showed that inhibition of AR or sorbitol dehydrogenase (the second enzyme of the polyol pathway), both attenuated expression of HIF-1␣, transferring and its receptor and intracellular iron content in the ischemia reperfusion of rat heart. These findings together with our results show that the AR inhibitor has anti-angiogenic Several studies have demonstrated increased expression of MMPs in various cancer cells, including colon cancer cells (42) (43) (44) . MMPs are involved in a large number of physiological and pathological processes (45) . Because HIF-1␣ also up-regulates MMPs, which are involved in tumor invasion and metastasis (46), we next examined the efficacy of AR inhibition on hypoxia-induced up-regulation of MMP-2 in colon cancer cells. Our results indicate that AR inhibition prevents hypoxiainduced MMP2 activation. MT1-MMP shown to be involved in the cancer cell invasion under normoxic and hypoxic conditions activates pro-MMP2 to active-MMP2 (47, 48) . Furthermore, the MT1-MMP-mediated activation of MMP-2 is mainly observed following paracrine stimulation by stromal fibroblastderived conditioned media or various other stimuli such as growth factors (47) . Therefore, we next examined whether AR inhibition prevents MMP-2 activation via regulating the expression of MT1-MMP in colon cancer cells. Our results shown in Fig. 7 indicates that AR inhibition prevents hypoxiainduced MMP2 activation by suppressing the expression of MT1-MMP in colon cancer cells.
Numerous studies show that multiple signaling pathways are involved in the regulation of hypoxia-induced HIF-1␣ protein stabilization and transactivation (11, 49, 50) . Among various signaling pathways, the PI3K/AKT pathway is known to play a major role in the multiple signaling during hypoxia (3, 11) . For example, activation of PI3K/AKT stabilizes/activates transcription factors such as HIF-1␣ and Snail via phosphorylation of both ␣ and ␤ subunits of HIF-1 and GSK3␤ (7, 8, 11, 50) . Li et al. (51) reported that the HIF-1␤ subunit has a conserved AKT phosphorylation site, and phosphorylation of HIF-1␤ by AKT at Ser-271 increases the affinity between ␣-and ␤-subunits of HIF-1, which leads to increased HIF-1␣ expression and HIF-1 transcriptional activity. Our results show that AR inhibition could weaken the interaction between HIF-1␣ and ␤-subunits FIGURE 7 . Effect of AR inhibition on hypoxia-mediated expression of structural proteins and AR-catalyzed reaction products and hypoxia-mediated HIF-1␣ expression in HT29 cells. A and C, the growth-arrested HT29 cells were treated with hypoxia and/or FGF, serum, HNE, GS-HNE esters, or GS-DHN esters for 24 h, and Western blot analysis was performed in total cell lysates using antibodies against LOX2, uPAR, MT1-MMP, MMP2, c-MET, vimentin, HIF-1␣, and GAPDH. Fold values of normalized intensity measured by densitometric scanning. B, uPAR overexpressing HT29 cells were incubated with fidarestat (Fid), or the carrier was subsequently stimulated with hypoxia and/or FGF for another 24 h, and cell viability was measured by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Insets show the Western blot analysis for uPAR protein in untransfected, control plasmid (Cont-Plasmid), and uPAR overexpressing plasmid transfected cell extracts. Bars represent mean Ϯ S.E. (n ϭ 4). *, p Ͻ 0.001 compared with control (Con) and #, p Ͻ 0.001 compared with cells treated with hypoxia and/or FGF or serum. C, control; CP, control plasmid; UP, uPAR plasmid.
via PI3K/AKT inactivation, which renders HIF-1␣ to proteolytic degradation. AR inhibition-mediated suppression of AKT/ PI3K activation is not restricted to the hypoxic condition because similar effects are evident during normoxia when HT29 cells are incubated with growth factors such as EGF and FGF. The AKT/GSK3 signaling pathway regulates HIF-1␣ protein stability (11, 50) . Inhibition of GSK3␤ activation by LiCl or overexpression of dominant negative GSK3␤ mutant is known to increase of HIF-1␣ expression and activity (52, 53) . Furthermore, various reports show that the transcription factor Snail is regulated by growth factors or integrins (6 -8) . Unphosphorylated form of Snail translocates to the nucleus to function as transcriptional repressor and activator to promote epithelial mesenchymal transition. However, to get progression of epithelial/mesenchymal transition GSK3␤ activity must be inhibited. Snail acts as a direct repressor of E-cadherin expression in epithelial cells, and the expression of Snail induces a full epithelial mesenchymal transition and increases migration/invasion in different physiological and pathological situations (8) . Peinado et al. (54) , showed that LOX gene family proteins (LOX, LOXL1, -2, -3, and -4) interact and cooperate with Snail to down-regulate E-cadherin expression. The individual function of the remaining LOX proteins remains unclear, although recent evidences suggest that overexpression of LOXL2 in epithelial cells induces an epithelial mesenchymal transition process, supporting their implication in tumor progression. Furthermore, RNA interference ablation of LOX2 caused apoptosis by decreasing the expression of mesenchymal, invasive and angiogenic markers in snail-overexpressing metastatic cancer cells (54) . These studies provided the biological significance of LOX2 in cancer. Together, these results suggest that AR inhibition prevents hypoxia-mediated LOX2 and Snail protein expression in HT29 cells most likely by suppression of AKT/PI3K activation (Fig. 8) .
In summary, we have shown that AR inhibition prevents hypoxia-and serum-induced HIF-1␣ protein accumulation and VEGF expression in HT29 cells by promoting HIF-1␣ protein degradation. AR inhibition also prevented the activation (phosphorylation) of PI3K/AKT as well as PI3K/AKT-mediated inactivation (phosphorylation) of GSK3␤. Furthermore, inhibition of AR prevented the hypoxia-mediated expression of LOX2 and Snail proteins, which are important mediators in the epithelial mesenchymal transition of tumor cells. Collectively, these results for the first time show that AR mediates hypoxia signaling in human colon cancer HT29 cells via the PI3K/AKT/HIF-1␣ pathway, and AR inhibition could be used as a pharmacological intervention in HIF-1␣-driven tumor progression/metastasis.
